Abstract. In this work, we investigate the impacts a potential shift towards a heavy composition at the end of the cosmic ray (CR) spectrum would have on the future data [1, 2] . We present detailed simulations for the propagation of ultra-high energy (UHE) heavy nuclei, with E ≥ 60 EeV, within recent Galactic magnetic field (GMF) models. We consider both regular and turbulent components of the GMF. We show that with UHE heavy nuclei, there is no one-to-one correspondence between the arrival directions of cosmic rays measured at Earth and the direction of their extragalactic sources. Sources can have several distorted images on the sky. We compute images of galaxy clusters and of the supergalactic plane in recent GMF models and show the challenges, but also the possibilities, of "ultra-high energy cosmic ray astronomy" with heavy nuclei. Finally, we present a quantitative study of the impact of the GMF on the (de-)magnification of source fluxes, due to magnetic lensing. Such effects cannot be neglected in case of heavy primaries.
INTRODUCTION
The composition of the ultra-high energy cosmic ray (UHECR) flux at the highest energies E 10 19 eV is the subject of current debate. Hadronic physics must be extrapolated from lower energies and complex data analyses for different experiments are compatible with either light primaries -HiRes [3] and Telescope Array [4] -or a shift towards heavier ones -Pierre Auger Observatory [5, 6] and Yakutsk EAS array muon data [7] .
In this work, we study the propagation of UHE heavy nuclei in recent Galactic magnetic field (GMF) models, and discuss some of the consequences a shift towards heavier nuclei would have. For clarity, we consider here only iron nuclei with energies E ≥ 60 EeV. The extrapolation of the following results to a mixed composition is straightforward. Most studies have focused on proton or light nuclei primaries at the highest energies, with the exception of Refs. [1, 2, [8] [9] [10] [11] [12] [13] [14] .
Qualitatively, several important effects would arise for heavy nuclei primaries. Contrary to UHE proton sources, one can expect UHE heavy nuclei sources to have several distorted images on the celestial sphere, even at the highest energies. In general, there is no one-to-one correspondence between the UHE heavy nuclei arrival directions as measured at Earth and the directions of their extragalactic sources. Also, one can expect fluxes from such sources to be significantly magnified or demagnified due to magnetic lensing effects in the GMF. At 60 EeV, iron nuclei sources located in up to one fifth of the sky would not be detectable by the next generation of experiments due to the strong demagnification of their fluxes. In the future, the difference of propagation in the GMF between light and heavy primaries will be important to understand sky maps of UHECR arrival directions. It may give further information on the CR composition at the highest energies. In Section 2, we present the main generic features of UHE heavy nuclei source images and investigate the challenges of source detection. In Section 3, we discuss quantitatively the impact of magnetic lensing in the GMF.
IMAGES OF UHECR SOURCES
The Galactic magnetic field can be modelled as the sum of a regular (large scale fluctuations) and a turbulent (smaller scale fluctuations) component. We use the "PS" [15, 16] , "Sun08" [17] , "Sun08-MH" [1] , "PTKN" [18] and "Jansson-Farrar 2012" [19] models for the regular GMF. We model the turbulent component, as in Refs. [2, 20, 21] and take the profile introduced in Ref. [22] for its root mean square (rms) strength B rms . Let us denote B 0 its rms strength at Earth and z 0 its lateral extension in the Galactic halo. The directions on the sky in which CRs are deflected, as well as the (de-)magnification of a given source flux -see Section 3-strongly depend on the GMF model. However, averaged quantities such as the average UHECR deflection angle and fractions of the sky with a given (de-)magnification, are much less model dependent. In this sense, the following results are generic.
Extragalactic magnetic fields are expected to be stronger in the large scale structure of the Universe (LSS), and significantly weaker in voids. UHECR deflections in such fields are poorly constrained [23] . Deflections in models of extragalactic magnetic fields range from negligible [24, 25] to more than ten degrees, even for 100 EeV protons [26, 27] . In the first scenario, UHE heavy nuclei would still be significantly deflected inside the galaxy clusters that contain their sources, but would only experience negligible deflections between the clusters and our Galaxy. Therefore, clusters containing UHE heavy nuclei sources would shine as a whole and can be considered as extended sources in this scenario. In the following, we address this case by computing images of different nearby galaxy clusters and consider them as 5
• extended sources. In the second scenario, UHE heavy nuclei would be strongly deflected in the whole local large scale structure, making it shine as a whole. In a first approximation, we can study this case by computing the supergalactic plane image in the GMF. Adding a turbulent component slightly spreads the events (blue filled symbols). Events at the highest energies, E ≥ 40 EeV, are not deflected more than a few degrees from the source. Such an example is representative of proton and light nuclei source images [22, 28] , except for sources located in the Galactic plane and towards the Galactic center. On the contrary, for heavy nuclei primaries, there is in general no one-to-one correspondence between directions on the sky of CRs before they enter the Galaxy and their arrival directions at Earth. As a consequence, UHE heavy nuclei sources usually have multiple images, even at the highest energies. We present in Figure 1 (right panel) the image of the galaxy cluster Abell 569 in the ASS version of the PTKN model for the regular GMF, emitting iron with energies ranging from 60 EeV to 140 EeV. Adding the turbulent GMF would spread more the image. In this model, the cluster displays at least seven images at 60 EeV (blue patches on the sky). Also, they are more or less distorted, and distances of individual events to the source do not satisfy the 1/E ordering: For instance, the 140 EeV image on the lower part of Figure 1 (right panel) is further from the source than one of the 60 EeV images. While the image of a given cluster strongly depends on the GMF model, such global characteristics are generic for UHE heavy nuclei sources. In general, a better knowledge of the GMF than currently available is necessary to detect such sources and reconstruct their positions on the sky. However, GMF models are expected to be improved in the future thanks to LOFAR and SKA [29, 30] . In a few unfavorable cases, when source images are strongly spread over the celestial sphere, an improved GMF model may still not be sufficient. The image of Pavo galaxy cluster in the PS model is one of such examples, see Fig. 2 (left panel). Nonetheless, a few favourable cases in which one could detect some sources without an improved GMF model may exist. Ref. [31] showed that in some GMF models, and for some source positions on the sky, at least one image looks like a proton source image enlarged by a factor ≈Z for nuclei of charge Z. For instance, the energy ordering of events in the main image of Hydra cluster in the PS model roughly follows that of proton sources, see Fig. 2 (right panel) .
If UHECRs suffer significant deflections in the large scale structure, their directions before entering our Galaxy would not correlate with their sources, but would still correlate with the LSS. We plot in Fig. 3 the 60 EeV iron images, in the PS model, of the supergalactic plane. As a first approximation, we model the supergalactic plane as a ±10
• stripe in supergalactic latitude. In the left panel, the turbulent field is set to zero and in the right panel, it is assumed to have a B 0 = 4 G strength at Earth and a z 0 = 3 kpc extension in the Galactic halo. One can see that in both cases, the distribution of CR arrival directions at Earth is anisotropic. Therefore, a heavy composition at the highest energies is in principle not incompatible with detecting an anisotropy in the UHECR arrival directions. For a large turbulent field strength B 0 ≈ 10 G and a large extension in the halo z 0 ≈ 10 kpc, arrival directions at Earth of 60 EeV iron nuclei from the supergalactic plane are distributed significantly more isotropically on the sky than in Fig. 3 (right panel) . 
EFFECTS OF MAGNETIC LENSING IN THE GALACTIC MAGNETIC FIELD
The Galactic magnetic field (de-)magnifies the fluxes from individual UHECR sources, due to magnetic lensing effects. Let us denote A the "amplification factor" of a given point source, and F the flux received at Earth from that source. If the GMF were set to zero, one would receive at Earth a flux F /A from the same source. If A > 1 (respectively A < 1), the source flux is said to be magnified by a factor A (respectively demagnified by a factor 1/A). Figure 4 presents maps, in Galactic coordinates, of the amplification factor A in the PS model for 60 EeV proton (left panel) and iron nuclei (right panel) extragalactic sources, versus their positions on the sky. The GMF turbulent component is set to zero, and plots have been computed as in Ref. [1] . The two panels are significantly different : For protons, A 1 in most of the sky (orangish-magenta colour), while for iron nuclei, 1/3 ≤ A ≤ 3 in only about one half of the sky. In general, magnetic lensing effects are negligible for light nuclei primaries, except in a few directions towards the Galactic plane and center, see dark region towards l ≈ 0
• in the left panel. On the contrary, such effects cannot be neglected in most of the sky for UHE heavy nuclei sources, even for those far from the Galactic plane. In Fig. 4 (right panel) , sources located in the small white region of the sky would have their fluxes amplified by a factor A 10, while those located in the large black regions would have their fluxes demagnified by more than 100. The positions on the sky of these regions are model dependent. Sources located in directions where A ≤ 1/100 cannot be detected neither by present nor by future UHECR observatories. We find that for 60 EeV iron nuclei primaries, such regions encompass up to about one fifth of the sky in recent regular GMF models. Let us also note that the value of A in one given direction of the sky depends on the rigidity E/Z. Therefore, the spectrum detected at Earth for one given source may be distorted by the GMF. Adding a turbulent component to the regular GMF smooths the sharp features in Figure 4 and globally reduces the extension on the sky of regions with large magnification or demagnification. The fraction of the celestial sphere in which A ∼ 1 grows for stronger and more extended turbulent fields. Since the turbulent field strength and extension in the halo are not well constrained, we test several combinations of B 0 and z 0 . Histograms of fractions of the extragalactic sky with given amplification factors A are shown in Figure 5 (left panel) for the PS model. The blue solid line corresponds to results for no additional turbulent field. The green, red, and magenta lines respectively correspond to {B 0 = 1 G; z 0 = 3 kpc}, {B 0 = 4 G; z 0 = 3 kpc}, and a more extreme case {B 0 = 10 G; z 0 = 10 kpc}. This illustrates how regions with large (de-)magnification shrink with increasing turbulent field contributions. The fraction of the sky with 1/3 ≤ A ≤ 3 increases to 80% for the case {B 0 = 10 G; z 0 = 10 kpc}. While the value of A in one given direction on the sky strongly depends on the GMF model, the distribution of fractions of the sky with given factors A is less model dependent. Figure 5 (right panel) shows results for the Sun08 GMF model. They are globally comparable with those for the PS model. In both cases, regions with A ≤ 1/100 disappear for the strongest turbulent field we tested (magenta lines). Source searches would however not be facilitated by strong turbulence, because their images would be significantly spread over the celestial sphere.
CONCLUSIONS AND PERSPECTIVES
We have propagated UHE iron nuclei with energies E ≥ 60 EeV in recent Galactic magnetic field models, including both regular and turbulent components. We have pointed out that several important effects cannot be neglected in case of heavy primaries at the highest energies.
We have shown in Section 2 that heavy nuclei sources would generally display multiple and distorted images on the celestial sphere. The energy ordering of events in such images can be far from that expected for proton sources. For some sources, lower energy events can be closer to the source than higher energy events. In most cases, a better knowledge of the GMF than currently available would be needed to detect sources and reconstruct their positions accurately. In the future, LOFAR and SKA data will put better constraints on the Galactic magnetic field geometry and properties [29, 30] . In some of the GMF models tested here, heavy nuclei sources located in some directions on the sky display at least one "enlarged proton-like" image. With sufficient statistics, detecting such sources -if any exists-is possible with the present knowledge of the GMF.
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We have addressed in Section 3 (de-)magnification of fluxes from individual sources, due to magnetic lensing in the GMF. While such effects can be ignored for proton primaries -except in a few directions towards the Galactic center and plane-, they are substantial for heavy nuclei primaries. One important finding is that UHE heavy nuclei sources would have their fluxes demagnified by a factor ≥100 in up to about one fifth of the extragalactic sky. Such sources cannot be detected, even by the next generation of UHECR experiments. The fraction of the sky covered by these regions shrinks for stronger and more extended GMF turbulent components, while the spread on the sky of individual source images increases.
